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applications yet it is necessary to develop low cost and more efficient PEMFCs. The heart of the PEMFC is the membrane electrode assembly composed of a proton exchange membrane sandwiched between two porous gas diffusion electrodes. These electrodes are made up of a catalyst support material or gas diffusion layer and a catalyst layer. Catalyst support materials have significant effect on the cost, performance and the durability of PEMFCs. The ideal support materials should provide high dispersion, utilization, activity, and stability for the catalyst especially platinum (Pt) (1) (2) (3) . Carbon black has been extensively used as a catalyst support for Pt in PEMFC. However, alternatives to carbon black are still needed to enhance catalyst utilization and reduce the cost.
Novel nanostructured carbon materials (carbon nanofibers, carbon nanotubes and graphene) have generated intense interest as catalyst supports in PEMFCs due to their unique structures and properties (4, 5) . However, the main drawbacks of these materials are high production cost and mass production. At this point, graphene nanosheets can serve as the promising catalyst support because of its low-cost and large-scale production. In addition, free standing graphene sheets have large surface area, high thermal and electrical conductivity, and high mobility of charge carriers (6) (8) demonstrated that graphene could be a good candidate as an electrode in supercapacitors because the specific capacitance of the exfoliated graphene in the aqueous electrolyte was better than activated carbons and carbon nanotubes. In another work, Ruoff et al. (9) showed that chemically modified graphene was incorporated into ultracapacitor test electrodes in order to increase the energy density of the packaged ultracapacitor by increasing the electrode thickness and eliminating additives.
Conducting polymers have high conductivity, are lightweight, inexpensive, flexible, airstable, and environmentally friendly but the major obstacle of conducting polymers as an electrode material is the degradation during cycling because of the volume change of the polymer due to the insertion/deinsertion of counter ions (10).
Therefore, nanocomposites based on conducting polymers and carbon nanomaterials can be used as a potential catalyst support to improve the properties of supports and extend life cycle of fuel cells. There have been several attempts for the synthesis of these type of nanocomposites. Previously, Wang et al. (11) reported that the remarkable electrical conductivity and specific capacitance of graphene/polyaniline composites as a supercapacitor electrode material. Recently, a study was published on a graphene/polyaniline composite paper by in situ anodic electropolymerization of aniline monomer as a polyaniline film on graphene paper (12).
In this paper, we present the preparation of new nanocomposites by combining the distinguished properties of graphene with the structural properties of a conducting polymer by incorporation of graphene into a polymer matrix. Moreover, we employed partially oxidized graphite oxide (GO) sheets instead of fully oxidized GO sheets as conductive fillers in polymer matrix to enhance the electrical conductivity. Among the F o r P e e r R e v i e w O n l y various conducting materials, polypyrrole (PPy) has taken special attention because of its relatively easy processability, electrical conductivity, and environmental stability (13). Graphene nanosheets are electron acceptors while the conducting polymer serves as an electron donor (14). In this study, graphene nanosheets were fabricated in large quantities by adopting a safer and mild chemical route including oxidation, ultrasonic treatment and chemical reduction (7) . PPy was coated on GO sheets and graphene nanosheets by in situ polymerization with different pyrrole (Py) feed ratios. The influence of the feeding ratios on the morphologies, crystal structures, thermal properties, and electrical conductivities of PPy/GO and PPy/graphene nanosheet based nanocomposites were investigated systematically by various characterization techniques. 
Separation of graphene nanosheets
Graphene nanosheets were produced by a safer and mild chemical route consists of oxidation, ultrasonic treatment and chemical reduction in large quantities (7) . At first, potassium dichromate (10.5 g), sulfuric acid (150 mL) and 7.5 mL distilled water were mixed in ice-bath to prepare chromic acid as an oxidizing agent. Then, graphite flakes (5 g) were added into chromic acid and stirred for a while at room temperature to provide homogenous distribution of flakes in the acid. At last, acetic anhydride (5 g) as an intercalating agent was added dropwise into the mixture and the mixture was stirred at 45 o C for 10 days. Graphite oxide (GO) was obtained by filtration and neutralization with 0.1 M NaOH and distilled water. Ultrasonic treatment was performed for the homogenous dispersion of GO sheets in water around 1 h at room temperature.
Sonicated GO sheets were reduced through refluxing in hydroquinone and distilled water under N 2 atmosphere for 24 hours. Then, the products were washed with distilled water. At the end of each step, samples were dried in a vacuum oven at 60 o C overnight. Composites were converted into the pellet form under adjusted pressure by using PPy/graphene nanosheet nanocomposites to measure their electrical conductivities.
Characterization
The morphologies of nanocomposites were examined by a Leo Supra 35VP Field Emission Scanning Electron Microscope (SEM).
Powder X-ray diffraction (XRD) measurements of samples were performed with a Bruker AXS Advance Powder Diffractometer fitted with a Siemens X-ray gun, using Cu Kα radiation (λ = 1.5406 Å). The samples were swept from 2ϴ = 10° through to 90° using default parameters of the program of the diffractometer that was equipped with
Bruker AXS Diffrac PLUS software. The X-ray generator was set to 40 kV at 40 mA. The electrical conductivities of nanocomposites in pellet forms were measured by a conventional four-probe method at room temperature.
The surface morphologies of nanocomposites were analyzed by Ambiant Atomic Force Microscope (AFM) LAMF02-007, NanoMagnetics Instruments.
Results and Discussion

Scanning electron microscopy
PPy synthesized by oxidation of the monomer with FeCl 3 had a form of fine black powder. SEM image of pristine PPy contained irregular sphere-like particles of PPy, Figure 1 . Oxidizing agents and monomer concentration have a considerable influence on the formation of the PPy morphology (the sphere-like, the ribbon-like, the wire-like) during polymerization (16). Also, pure PPy is brittle, insoluble and infusible, and hence not processable. Smooth and rigid GO layers were seen in Figure 2a . After PPy coating, laminated structure of GO sheets was observed clearly in SEM image, Figure 2b . Py monomer dispersed into the layers of GO and all layers were covered by PPy after oxidative polymerization. Also, acetic anhydride used as an intercalating agent during oxidation extended the layer distance in graphite (7) and thus provided good dispersion of Py monomer through GO layers during polymerization.
-Figure 1-
-Figure 2-
GO sheets were dispersed via ultrasonic treatment and then dispersed sheets were reduced by hydroquinone (7) . Separated graphene nanosheets obtained by chemical reduction are presented in Figure 3a . Py intercalated into graphene nanosheets during in situ polymerization and polymerized on graphene nanosheets layer by layer. Uniformly layer coating of PPy/graphene nanosheet composites and spherical morphology of PPy nanoparticles on sheets were seen clearly in Figure 3b .
-Figure 3-
X-ray diffraction analysis
XRD pattern of pristine PPy was presented in Figure 4a . This result indicated that PPy had an amorphous structure. Graphite flakes were partially oxidized in the adjusted synthesis conditions using concentrated sulfuric acid, potassium dichromate, and acetic anhydride (7) . XRD pattern of GO sheets showed low intensity of 002 diffraction peak at 2ϴ=26.5 o , Figure 4b . Longer oxidation time led to decrease in the intensity of 002 peak, enhanced the interlayer spacing between graphene sheets and switched the carbon backbone from sp 2 to sp 3 structure (7, 17) . After covering of GO sheets by PPy with different feeding ratios, 002 peak intensity decreased and the peak was broadened. The intensity of 002 peak of Py:GO sheets=1:1 decreased down to 53 cps, Figure 4c . The Figure 4d . The structure of nanocomposites became more amorphous by increasing PPy content.
-Figure 4-
XRD data were also used to measure the percent crystallinities of GO sheets, PPy/GO nanocomposites, Figure 5 . The area of (002) peak of 1 g pristine graphite was accepted as reference data and graphite flake was assumed as 100% crystalline. Also, PPy had an amorphous structure. After 10 days of oxidation, the percent crystallinity of GO sheets decreased down to nearly 1.8%. After coating on GO surface by PPy (Py/GO sheet weight ratio: 1/1), the percent crystallinity of new materials decreased down to ~0.6%. Increasing the weight of Py in nanocomposites, the percent crystallinity became much lower. Accordingly, highly ordered substrates provide strong metal-support interaction and reduce self-poisoning (18). As the amount of GO sheets in nanocomposites increases, crystallinity increases, and this may enhance the deposition of Pt particles on well-ordered graphene oxide sheets.
-Figure 5-
Raman spectroscopy
In Raman spectrum, D band intensity changes with defects and disorder in sample, and G band intensity increases linearly by increasing flake thickness (19). The Raman spectrum of pristine PPy demonstrated the two bands at around 1380 cm −1 (D band) and 1561 cm −1 (G Band), Figure 6 . In this spectrum, the characteristic D and G bands were due to the ring-stretching mode of PPy (20) and the C=C backbone stretching of PPy (21), respectively.
-Figure 6-
During oxidation of graphite flakes, oxygen species diffused into the layers randomly and graphitic structure was distorted. There were three characteristic Raman PPy/GO nanocomposites, the decomposition temperature decreased. The thermal stabilities of these composites were much higher than pristine PPy. The amount of weight losses of pristine PPy, GO sheets, Py:GO sheets=1:1 and Py:GO sheets=2:1 at 700 oC were about 88%, 25%, 51% and 53%, respectively. These differences also supported the stability of synthesized PPy/GO nanocomposites between pristine PPy and GO sheets. Consequently, mass loss percentage of nanocomposite was significantly less than pristine PPy. The amount of weight losses of pristine PPy, graphene nanosheets and Py:graphene nanosheets=1:1 at 700 o C were about 88%, 56%, and 70%, respectively.
-Figure 12-
Atomic force microscopy
All AFM experiments were performed in tapping mode using a silicon cantilever probe.
As Py concentration increased, the composite surface became smoother. 3D surface topography of PPy composites displayed smooth morphology, Figure 13a . As the amount of GO sheet increased, the height difference of surface increased due to ripples in GO sheets, Figure 13b . In addition, the functional groups such as epoxide, carbonyl, quinone, ketone, and hydroxyl on the basal plane of GO triggered corrugation or local puckering of the carbon skeleton (24). However, increasing the amount of PPy in the nanocomposite caused to reduce the topography variations which were observed in 3D AFM image, Figure 13c . 
-Figure 13-
Electrical conductivity and surface area measurements
The electrical conductivity of samples in the pellet form was measured by the conventional four-probe method. The electrical conductivity results of samples (pristine PPy, GO sheets, Py:GO sheet=1:1, and Py:GO sheet=2:1) were given in Table 1 .
Conductivity of pristine PPy was relatively poor due to weak compactness and randomly orientation of PPy nanostructures and weak bonding between the polymer particles through the boundaries (25). Although GO is electrically insulating material, partially oxidized GO sheets can be utilized as a conductive filler to enhance the conductivity of PPy. The conductivity of GO sheets synthesized by a mild and safer oxidation method (7) was measured as 0.69 S/cm. The conductivity values of nanocomposites were between the values of pristine PPy and GO sheets and the increasing PPy content decreased the conductivity of nanocomposites. According to recently published works, in the production of GO-based nanocomposites, oxidation degree of GO sheets, oxidizing agents, intercalating agents, monomer type and concentration, and reaction media considerably affects the conductivities of composites (26, 27).
-Table 1-
The conductivity of reduced GO sheets was measured as 3.96 S/cm. After PPy was coated onto the surface of reduced GO sheets, the conductivity of the composite improved due to the better compactness and structure of PPy in the composite than in pristine PPy (Table 2) . Therefore, nanocomposites including graphene nanosheets showed better conductivity when comparing nanocomposites including the partially oxidized GO sheets.
- Table 2 - 
Conclusions
GO sheets after a mild oxidation of graphite flakes and graphene nanosheets after chemical reduction of GO sheets were obtained in the present work. Both GO sheets and graphene nanosheets were coated by conducting PPy by in situ polymerization of Py monomer. The characteristic properties of PPy-based nanocomposites were tailored by changing the feeding mass ratio of Py to sheets. The intercalating agent between the graphene layers provided good dispersion in PPy matrix. Therefore, conductivity of nanocomposites increased after polymerization when comparing to pristine PPy.
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